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Nanotechnology for Next Generation Josephson
\oltage Standards

Samuel P. Benz, Paul D. Dresselhaus, and Charles J. Burroughs, Jr.

Abstract—We have developed two voltage standard systems: \% v +1
1) the programmable Josephson voltage standard and 2) the
Josephson arbitrary waveform synthesizer. The programmable

n=0
system is fully automated and provides stable programmable I=
dc voltages from —1.2 V to +1.2 V. The synthesizer is the first % | / ‘
@)

quantum-based ac voltage standard source. It uses perfectly
quantized Josephson pulses to generate arbitrary waveforms with
low harmonic distortion and stable, calculable time-dependent
voltages. Both systems are presently limited to output voltages . ) ) o
less than 10V s a resul o equency requrements and thelimis 78,1, [ e fr (ieron REGer Josebir, lcion, ()
g]t j?;bcr tilé):tiz)ibrtlgimglézzh?S:O?gés\,lges?;fecrrrlge ;23 d deggﬁgzﬁﬂte Josephson voltage standards. (b) Stable steps of a highly damped junction for
circuit- and fabrication-related constraints that presently limit programmable voltage standards.

system performance. Finally, we propose the use of lumped . L .

arrays of junctions to achieve higher practical voltages through N realizing a total voltage of 100 mV [6]. This feat was ac-
development of a nanoscale junction technology, in which 13 000 complished by independently current biasing each junction to

r
®

junctions are closely spaced at 50 nm—100 nm intervals. ensure that each junction was on its respective constant voltage
Index Terms—Digital-analog conversion, Josephson arrays, Step. Independent biasing was necessary because junction fabri-
signal synthesis, standards. cation technology at that time was unable to produce sufficiently

identical junctions. Variations in junction dimensions (area) and
barrier thickness result in variations in the V' characteristics,
thus requiring different junctions to have different bias condi-
OSEPHSON voltage standard systems have advanciemhs.
over the past 30 years as a result of improvements inin 1977, Levinsoret al. [7] proposed a way to surmount

microelectronic fabrication as well as by clever physicthe junction uniformity problems of the existing fabrication
and engineering ideas (see reviews by Kautz [1], Niemeyesiethods by using highly capacitive junctions. Such super-
[2], and Hamilton [3]). The basis for these systems is thenductor—insulator-superconductor (SIS) junctions have
superconducting Josephson junction [4]. When driven witlysteretic/—V characteristics so that, when driven with a
a sinusoidal frequency, a Josephson junction has a curmicrowave frequency, their constant voltage steps intersect
rent-voltage{—V') characteristic with constant voltage regionshe zero-current axis [see Fig. 1(a)]. Since there are no stable
given by V,, = nhf/2e, wheren is an integer andi/2¢ is regions between these zero-crossing steps, series arrays of
the ratio of Planck’s constant to twice the elementary charggeghly capacitive junctions can be biased with a common
These values oV, are directly proportional to the frequencycurrent regardless of their nonuniform characteristics. This
through fundamental constants only; these constant voltégea, among others, lead to the development of conventional
step values are not dependent upon any environmental Josephson voltage standards with large arrays of junctions
material parameters. Since frequency can be accurately #8{10]. Fig. 2 shows a 1cnx 2cm 10 V Josephson voltage
stably controlled to parts in 18, a Josephson junction canstandard chip.
convert frequency into accurate voltages. Continued improvements in lithography and materials re-

The first Josephson voltage standards were single junctiosaglted in improved yield for these circuits with larger numbers
Sinceh/2e = 2.07 pVIGHz, single junction standards wereof junctions [11]. For example, IBM’s Josephson computer
only able to generate small voltages in the range from 1 npfoject led to improved junction oxide barriers and PbInAu
to 10 mV for practical frequencies of 10 GHz—-100 GHz [5]superconducting electrodes [12]. Because the Pb-alloy junc-
In order to achieve larger voltages, series arrays of junctiotisns were subject to change with thermal cycling, efforts
were attempted. In 1983, an array of 20 junctions succeeda@dceeded to develop an all-refractory junction process using

niobium for both junction electrodes and wiring. However,

. . . _ niobium oxide proved to be a poor junction barrier and yielded
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Fig. 2. Conventional 10 V Josephson voltage standard chip. Microwaves are
launched onto the chip through the finline on the left side and then divided to

drive 16 arrays of 1263 junctions each. The pads on the top and bottom are for
a dc path that includes all 20 208 junctions in series.

Fig. 4. A1 cm x 2 cm NIST 1 V programmable voltage standard chip.
Microwave are launched onto the chip on the four coplanar waveguide lines
on the left side. The pads along the bottom and right sides are for dc bias lines
to each array. There are eight arrays of 4096 junctions each. The bottom array
is divided into a binary sequence of 2048, 1024, 512, and 256, and two arrays
of 128 junctions.

[14]. By dividing a large array into a binary sequence of
independently biased smaller arrays, it was hoped that the
circuit would be capable of rapidly selecting stable arbitrary
dc voltages as well as ac waveforms with a calculable rms
voltage. This required the development of highly damped
Josephson junctions with nonhysterefie V' characteristics
[Fig. 1(b)]. Such junctions have constant voltage steps that are
single valued, so that individual constant voltage steps can be
chosen using predetermined bias currents. This idea for a new
voltage standard renewed our interest in developing uniform
intrinsically shunted junctions for array applications, specifi-
cally in superconductor—normal metal-superconductor (SNS)
junctions. Expectations were not high with regard to junction
uniformity since critical current density is exponentially de-
Fig. 3. Comparison of (a) 20-year-old conventional Nb@J-PbinAu  pendent upon the barrier thickness and sputter-deposited metal
18 pum x 30 um SIS junctions with (b) Nb—PdAu-NB zm x 2 um SNS .. . .
junctions. Minimum feature sizes are via holes in the insulating layer that allcmmS are not as uniform as therma"y grown oxides. Neverthe-
superconducting wiring to connect adjacent junctionsi(gm x 24 zmand less, moderately thick 30 nm—40 nm barriers of PdAu provided
(b) L gm x1pm. The SNS junctions (b) are distributed in series along thgfficient uniformity with appropriate junction characteristics
6-um wide center conductor of a coplanar waveguide. [15], [16]. However, the high current densities (2 W

ith alumi ide barrier iuncti h . to 4 mAjum?) require small junction areas (im?-4 pm?)
process with aluminum oxide barrier junctions has contmu?g maintain junction critical currents less than 10 mA. Fortu-

to improve with respect to junction uniformity and CirCUitnatel the large critical currents yield correspondingly larger
yield. Using improved lithography and processing technique ¥, N y P gy ‘arg

h Id-wid ; h L of | Current ranges for the constant voltage steps. This improves the
researchers world-wide continue to pursue the goal o argﬁerating margins for the circuits and allows for dramatically

scale superconductive integrated circuits for hlgh—performanﬁ:ﬁproved noise immunity compared to that of hysteretic

superconductive digital electronics. All these advances h Vfctions in conventional voltage standards, which have critical
enabled the development of the present 10 V conventio rrents of only~100 yA. The present 1 V programmable

Josephson voltage standard systems, which use chips ha B

(b)

. . . ; @age standard system uses a chip shown in Fig. 4 with 32
20000 or more junctions, where each Nb-®4—Nb junction 768 Nb—PdAu—Nb junctions [17]. TH&um x 2 zm junctions
h‘?‘S ani8 um x 30 um area [3]. These junctions are shown irhave critical currents o&~8 mA and resistances o3 m2.
Fig. 3(a). The smallest features in the circuit are:fn diameter vias for
wiring contacts to each junction.
One of the remaining challenges is to create a programmable
In 1995, Hamiltonet al. suggested a quantum-based astandard capable of generating large voltages, like the 10 V of
voltage standard using a Josephson digital-to-analog convetlter conventional standard. Generating large voltages requires

Il. PROGRAMMABLE VOLTAGE STANDARD
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maximizing both the microwave frequency and the number of
junctions. Operating margins, on the other hand, depend on both
the junction uniformity and the uniformity of the microwave
power applied to all junctions. Series arrays of junctions are
typically distributed along a microstrip transmission line or a
coplanar waveguide. Such distributed arrays are used for many
of our designs. For example, the 1 V programmable chip uses
arrays of 4096 junctions in each of eight parallel{®@oplanar
waveguides [17].

There _are ma.ny _parameters that must be adJUStEd n OrF-’%.r 5. Programmable voltage standard system. The low-thermal probe is in
to optimize a distributed array for output voltage and ORne Dewar at left. The electronics in the middle (from top to bottom) include
erating margins. Kautz showed that the maximum junctigndigital voltmeter, dc bias electronics, computer, and microwave source. The
diameter for planar SNS junctions is about four times tHdstem is fully automated.

Josephson penetration length. For larger diameters, current

nonuniformity through the junction dramatically affects themaller arrays in these circuits while these smaller arrays can all
junction characteristics [18]. For Nb—PdAu-Nb junctions, thige connected in series to create one large array with a high total
limits the maximum critical currenf. to about 10 mA. It output voltage. It is critical that the dc bias taps that connect the
has also been shown that the sinusoidal drive frequency thatays behave as a high impedance at the sine wave frequency
gives the largest operating margins for an array of nonuniforihd as a superconducting short for dc; otherwise standing waves
junctions should be between one and two times the junctig@velop in the transmission line, reducing microwave power
characteristic frequency = (1-2) f., where the characteristic uniformity and operating margins for the arrays. This technique
frequency isf. = 2el.R/h and R is the junction resistance js used in both conventional voltage standards at 75 GHz [8] and
[19], [20]. Because the junctions are dissipative, the numberigfthe programmable voltage standards at 16 GHz [15].
junctions that can be placed in a transmission line of a certainanother method to achieve large stable voltages was discov-
impedance is limited by the microwave attenuation that can Bged by researchers at Physikalisch-Technische Bundesanstalt
tolerated for an acceptable reduction in operating margins. R®TB), who succeeded in demonstrating stable 10 V steps using
an array ofV junctions with resistanc& per junction, the total S|NIS junctions [23] with nonhysteretic voltage—currdntV’
RF-voltage drop across the array due to junction dissipatigRaracteristics [24], [25]. The 100nSINIS junctions are in
is approximatelyl — exp(—NR/2Z), whereZ = 50 2 is g low-impedance 52 transmission line, so there is significant
the transmission line impedance [21], [22]. The transmissi@fissipation. However, junctions on the microwave-driven end of
line must also be properly terminated to prevent standifie transmission line actively contribute to lock additional junc-
wave reflections that would further degrade the microwavgyns farther down the transmission line.
uniformity. Although the binary-sequence design for programmable
We can achieve optimum performance for a distributed arrggltage standards has proven adequate fést and stable
using the following procedure. Choo8el.R/h to match the dc voltages, it is not practical for generatireg waveforms
desired maximum drive frequency. This determines the requirgb]. Since the switching time of each bias current driver is
junction barrier thickness. Next, select the junction area flimnited to about 1us, there is a significant uncertainty in the
achieve the maximum critical current of 10 mA. Maximizingaverage voltage during this time interval. Thus the binary
the critical current in turn minimizes the junction resistance aqgtogrammable voltage standard system (Fig. 5) is primarily
decreases the dissipation. As an example, the voltage drop dsed for applications that require stable and programmable
to dissipation is only 12% across a 4096-junction array of3 mdc voltages such as watt-balance experiments [27], [28] and
junctions. 88% of the power is dissipated in the terminaticfast-reversed dc—dc comparisons [29], [30].
resistor. If we demand the same operating margins by always

1) choosing the same ratio= NR/2Z; [ll. JOSEPHSONARBITRARY WAVEFORM SYNTHESIZER

2) matching the. /2 product to the frequency; In order to create a quantum-based ac Josephson voltage
3) maximizing the junction critical current to 10 mA, then d P 9

the number of junctions that can be placed in the transtandard, the Josephson arbitrary waveform synthesizer was

o o . 3éveloped to again exploit the perfect quantization of Josephson
mission line decreases with increasing frequenty= . . . . .
deaZL/hf. junctions [31]-[33]. However, instead of being concerned with

the constant voltage steps of a sinusoidally driven junction,
Thus, increasing the drive frequency cannot independenif consider the Josephson junction as a device that gener-
achieve larger output voltages for distributed arrays, althoughaties perfectly quantized voltage pulses. The time-integrated
may improve circuit yield by reducing the number of junctionsarea of every Josephson pulse is precisely equah f2e.
Since dissipation limits the number of junctions in a tran®igital synthesis techniques and precise control of the timing
mission line, multiple arrays are generally used to increase thieevery pulse allows the generation of voltage waveforms
total output voltage. Through the use of fixed-frequency mwith unprecedented accuracy and stability. Simulations and
crowave elements, such as quarter wave taps and impedamqeeriments have shown that voltage noise and timing jitter,
transformers, the microwave power can be applied in parallelitdrinsic to all semiconductor-switched digital code generators,
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Junctions

(b)

Fig. 6. Lumped array fabrication concepts. (a) Stacked SNS junctions. (b) In-line SNS junctions. Counter electrode (CE), base electrode ¢B#angroun
(GP), and other Nb superconductor between barriers are in black. The junction barriers (JB) are in grey. The insulating digleesithe lightest shading.

create harmonic distortion in a synthesized waveform. We havery efficient since most of the broadband power would not be
shown that the perfect area quantization of Josephson pulsested in a termination resistor as in distributed array circuits.
can recover the low harmonic distortion of the original digitdUsing the same arguments we used previously to optimize
code that was created assuming perfect voltage levels atistributed arrays, if the maximum drive frequency is twice the
perfect timing [33]. Using this system, we have demonstratetiaracteristic junction frequency, then the maximum output
a technique for increasing the output voltage of pulse-drivewoltage of a single lumped array 1§,., = 2Z1.. For a 50
arrays and for synthesizing bipolar waveforms by combining transmission line and 10 mA critical current, this yields a
a high-speed digital signal with a sine wave [34], [35]. W& V maximum output voltage for a single array. This approach
have also demonstrated synthesized arbitrary waveforms wétbuld increase the output voltage of the Josephson arbitrary
arrays of 4096 junctions up to peak voltages of 60 mV and weaveform synthesizer to 1 V and also the programmable
have reduced undesirable distortion-induced harmonics to @iltage standard output voltage to 10 V.
dB below the fundamental [36]. Finally, we have performed The challenge for lumped arrays is that the junctions must
preliminary rms ac—-dc and ac—ac voltage comparisons ba very close together. The effective dielectric constant for a
250-junction arrays at a much smaller voltage of 3.7 mV [37]coplanar waveguide on Si is 6.4. An 18 GHz drive frequency
However, achieving practical voltages of 1 V=10 V is evethen has a quarter wavelength of 1.6 mm. A critical current-re-
more difficult than for the programmable voltage standard. Tiséstance product of 37V and a critical current of 10 mA implies
fixed-frequency elements that are used in the sine wave-driv@junction resistance of 3.7ém Thus, a 502 array would then
circuits cannot be used in the Josephson arbitrary waveform syeguire 13 500 series junctions spaced about 120 nm apart on the
thesizer because the digital code is inherently broadband. Eoplanar waveguide. This is a significant challenge, since the
this circuit, all harmonic components of the digital code from demallest SNS arrays fabricated using our present process have
to 18 GHz must remain in the microwave transmission line cijunction spacings of Zzm. These lumped array junctions will
cuit driving the array. We have addressed this problem by devedquire nanoscale dimensions and control to achieve sufficient
oping 60 MHz low-pass filters for the low-frequency taps [36]uniformity.
[37]. It is important that these filters have few resonances andWe are developing two different junction geometries for these
sufficient power handling at microwave frequencies. Unfortdamped arrays: 1) stacked junctions and 2) in-line junctions.
nately it will be difficult to drive many arrays in parallel andFor the stacked junctions shown in Fig. 6(a), multiple barriers
connect them in series for low frequencies due to the difficulsre deposited alternately with superconducting layers to create
in providing many parallel broad-band signals with sufficierdgtacks of two-dimensional (2-D) junctions. The lumped array
output power. At this time, it is not cost effective to have mulin this geometry would have 270 stacks of 50 junctions each.
tiple code generators. Furthermore, power splitters and amglhe stacks would be 2Zm-4,m on each side and spaceg®
fiers are generally not sufficiently broadband for this applicapart. It will be a challenge to ensure that thegenétall stacks
tion. have vertical sidewalls and to achieve a thick planarized in-
sulator for the wiring contacts. The in-line junction geometry
shown in Fig. 6(b), on the other hand, begins with a ground
In order to increase the output voltage for both programmalgéane and an insulator, followed by a normal metal-supercon-
and ac voltage standards (which are limited by dissipatiodiictor bilayer. The 20 nm—40 nm long by;/Mm-10m wide
broadband behavior, and in general, the physics of distributednches in the top superconductor can be etched by a number
arrays), we have begun developing nanoscale junctions @drtechniques, including focused ion beam [39] or reactive ion
lumped arrays [38]. A lumped array is one in which all of thetching of a previously e-beam defined pattern. Proximity cou-
junctions are placed in the transmission line within a smalling between the superconducting islands occurs through the
fraction, say one-eighth to one-quarter, of the wavelength lofver normal metal layer. The ground plane ensures uniform
the highest frequency of interest. Our goal is to make an arreyrrent flow through these relatively wide junctions. Heat dis-
whose total impedance is equal to the @Gransmission-line sipation from these lumped arrays may be a problem and the
impedance. The output voltage for a single array would then bese spacing of these junctions may be influenced by quasipar-
increased by about a factor of 8. These arrays would also tilde coupling or other effects.

IV. LUMPED ARRAYS
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V. CONCLUSION [20]

We have reviewed some of the major events in the devel-
opment of fabrication technology for Josephson voltage stari21]
dards. We describe the issues related to operating performance
for the programmable voltage standard and the Josephson g#s]
bitrary waveform synthesizer. Finally, we propose the use of

lumped arrays of Josephson junctions as a way to increase t

output voltage and improve the performance of voltage standard
systems.

[24]
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